[1] This study investigates possible changes in the leading mode over the Northern Hemisphere, representing the Arctic Oscillation (AO), in response to the projected increases in greenhouse gas concentrations. This is performed by comparing present-day and future patterns simulated by a relatively high-resolution atmospheric general circulation model. It is demonstrated that the dipole pattern associated with the AO distinctively shifts poleward in the future climate. The poleward shift is more pronounced over the Pacific region than over the Atlantic region. This change in the AO pattern is consistent with the change in the synoptic eddy feedback, estimated from the divergence of the eddy-vorticity flux, indicating a close linkage between the AO change and the change in the synoptic eddy feedback. Further analysis of changes in eddy feedback strength suggests a possible hypothesis that the poleward shift of the jet stream and storm tracks can make synoptic eddy feedback more effective over the higher latitudes, which in turn enhances the poleward shift of the AO mode.
Introduction
[2] The Arctic Oscillation (AO) is the leading mode of atmospheric internal variability in the Northern Hemisphere extratropics and its spatial pattern is usually represented by the first empirical orthogonal function (EOF) mode of mean sea level pressure (MSLP) [Thompson and Wallace, 1998 ]. The AO is also often referred to as the northern annular mode because of its strong zonal symmetry . Great attention has been paid to understanding the dynamics of this prominent pattern because the impact of the AO is evident at virtually all longitudes [Thompson and Wallace, 2001] , including surface air temperature over Eurasia and North America [Thompson and Wallace, 1998; Gillett et al., 2000; Wu et al., 2006] , the East Asian summer and winter monsoons [Gong et al., 2001; Ho, 2003, 2004; Wu and Wang, 2002; Jhun and Lee, 2004] , and the tropical troposphere [Thompson and Lorenz, 2004] .
[3] Previous studies demonstrated the relationship between low-frequency annular modes and synoptic-scale eddies [Robinson, 1991; Feldstein and Lee, 1996; Hartmann and Lo, 1998; Hartman, 2001, 2003] . These studies have shown that synoptic eddy feedback plays a key role in maintaining the low-frequency flow associated with prominent annular modes. Several studies have demonstrated that the AO mode can be simulated by a simple barotropic model with suitable synoptic eddy feedback, suggesting that the AO pattern is generated by the internal atmospheric process through interactions between the planetary circulations and synoptic eddies [Tanaka, 2003; Vallis et al., 2004; Jin et al., 2006b] .
[4] Several studies reported that the increase in greenhouse gas concentrations will lead to changes in the basic climate mean state, which will also alter synoptic-scale eddy activity [e.g., Pinto et al., 2007] . It is expected that the dominant climate modes will also be modulated in future climate because of changes in the basic state and synoptic eddy activity, which are critical components in determining the spatial structure of the leading modes. In particular, possible changes in the AO pattern and its magnitude are important issues. For example, demonstrated a positive trend in the AO index using observed data, although the positive trend is not clear in the recent decade [Cohen and Barlow, 2005] . Gillett et al. [2005] also showed using a multimodel ensemble that boreal winter MSLP has decreased over both poles and increased over the subtropics during . In addition, many modeling studies have presented the enhancement of atmospheric lowfrequency variability, including the AO, in global warming simulations [Fyfe et al., 1999; Rind et al., 2005] . Most climate models showed a significant positive trend in the AO index in response to greenhouse gas forcing [Gillett et al., 2002; Miller et al., 2006] .
[5] Whereas most studies have paid attention to the change in the AO magnitude and AO-like trend, so far little attention has been paid to possible changes in the AO pattern itself. Analyzing a coupled general circulation model (CGCM), Fyfe et al. [1999] found that the AO spatial pattern in the model is not changed under global warming but is superimposed on a forced mean climate pattern. Recently, Wu et al. [2007] examined historical changes in AO structures simulated by 13 CGCMs and pointed out the importance of the nonlinear AO patterns in determining the AO structure change. In the present study, we examine possible changes of the AO in response to increasing greenhouse gas concentrations, focusing particularly on the AO spatial pattern.
Time-Slice Experiments and Methods
[6] To investigate future AO changes, we use daily data sets for zonal and meridional winds and geopotential height from two 30-year time-slice experiments that were performed for the present and the future (2071-2100) climate with a high-resolution atmospheric general circulation model (AGCM), ECHAM4 T106L19. A detailed description of ECHAM4 can be found in the work of Roeckner et al. [1996] . In these time-slice experiments, the atmosphere was forced by sea surface temperature and sea ice, for which data were obtained from the ECHO-G [Legutke and Voss, 1999] simulations based on the Intergovernmental Panel on Climate Change (IPCC) SRES 20C3M and A1B scenario, respectively. The CO 2 concentration in the present climate run is prescribed by the observed historical CO 2 concentrations for 1971-2000, and that for the future climate run is prescribed by CO 2 concentrations based on the IPCC SRES A1B scenario.
[7] To measure the feedback of the synoptic eddies on low-frequency flow, an eddy forcing is calculated as follows:
where V 0 ! and z′ denote the synoptic-scale zonal and meridional winds and vorticity, respectively; f is the Coriolis parameter; and g is the acceleration of gravity. The vorticity (z′) is calculated from the filtered wind data. This method was introduced by Sheng et al. [1998] . The synoptic eddy statistics were obtained by applying a digital band-pass filter to retain fluctuations with 2 to 8 day periods. The overbar indicates the seasonal mean (December to February). This study focuses on the boreal winter season when the AO amplitude and its response to global warming are generally stronger. In addition, storm track activity is defined as the standard deviation of the band-pass-filtered 500 hPa geopotential height.
[8] To quantify the strength of the synoptic eddy feedback, we define an eddy-feedback strength (EFS) in each grid point, which is calculated as follows: where t is time (yearly) and x and y denote longitudinal and latitudinal points, respectively. The variable a indicates seasonal mean geopotential height anomaly. The eddyinduced geopotential height tendency (F) is defined from equation (1). The EFS is the amount of eddy-induced geopotential height tendency per unit geopotential height change. To some extent, this formula can be understood as an eddy-induced local growth rate for low-frequency variation. If the EFS is positive (negative), the synoptic eddies play a positive (negative) role in reinforcing the low-frequency flow via the eddy-vorticity flux. Higher EFS indicates stronger eddy feedback. According to its definition, the EFS is not determined by a particular low-frequency mode, though there is still a possibility that dominant lowfrequency modes indirectly affect the EFS.
Changes in Jet Stream and Synoptic Eddy Activity
[9] Before examining the change in the AO in response to global warming, we analyze changes in the jet stream and synoptic eddy activity to evaluate possible changes in the mean climate state. Figure 1 shows present-day climate patterns of storm track activity and zonal wind during the wintertime and their future changes simulated by the present model. The model simulates two major storm tracks in the North Pacific and Atlantic regions ( Figure 1a ). The storm track maxima tend to be located downstream of the jet stream. To a large extent, the jet stream and the two major storm tracks are consistent with those observed [cf. Pinto et al., 2007] .
[10] In the future climate simulation, the model simulates the enhanced westerly in the high latitudes and weakened in the midlatitudes, indicating a poleward shift of the jet stream ( Figure 1b) . Consistent with the zonal wind changes, the storm track activity also shows weakening in the midlatitudes and strengthening in the high latitudes, also indicating a poleward shift of the storm track consistent with previous studies [Ulbrich and Christoph, 1999; Yin, 2005; Bengtsson et al., 2006] . In particular, Yin [2005] found a consistent poleward and upward shift of storm track in an ensemble of 21st century simulations using 15 CGCM simulations. On the other hand, Ulbrich et al. [2008] did not find a systematic meridional shift of the storm track using almost the same data set. Presumably, the different conclusion results from the definition of the storm track. Whereas Yin [2005] used eddy kinetic energy of atmospheric circulation to define the storm track, Ulbrich et al. [2008] used sea level pressure data. In fact, Yin [2005] also showed that the poleward shift is clearer in the upper troposphere and lower stratosphere.
[11] In addition, Ulbrich et al. [2008] reported another interesting point. They showed that the changes in storm track have regional dependency. Over the Pacific region, the poleward shift of the storm track is robust to a large extent. However, the Atlantic storm track tends to be amplified rather than shifted poleward [see Ulbrich et al., 2008, Figure 2] . This regional dependency is consistently seen in the present time-slice AGCM experiment in spite of a different vertical level used for identifying storm tracks. As shown in Figure 1a , the Pacific storm track move poleward, but the Atlantic storm track seems to be amplified at its [12] The low-frequency variability is closely related to the basic state including the mean state and stochastic synoptic eddies. Therefore, the systematic change of the jet stream and storm track activity may bring changes in low-frequency modes. In the next section, the changes in the AO and the associated synoptic eddy feedback are investigated.
Changes in the AO Associated with Eddy Feedback
[13] Previous studies have argued that an increase in greenhouse gas concentrations leads to a change in the AO magnitude and AO-like trend [Fyfe et al., 1999; Rind et al., 2005; Miller et al., 2006] . In this study, we focus on changes in the AO pattern. To define the AO pattern, EOF analysis is applied to the monthly MSLP data (0°E-360°E, 20°N-90°N) in each time-slice simulation for present and future climates. Figure 2 shows the first leading mode of the MSLP and regressed pattern of the geopotential height at 300 hPa and the zonal mean vertical structure for zonal wind on the normalized AO index in the present and future climate simulations. To check the robustness of this pattern, we also use a different definition of the AO index: the first EOF PC time series for the vertical structure of the zonally averaged zonal wind, a similar definition of the zonal index [Robinson, 1994; Lee and Feldstein, 1996; Lorenz and Hartmann, 2003] . The regression pattern is quite similar to that in Figure 2 . Also, it is noted that the AO pattern in the present-day simulation is similar to observations [cf. Thompson and Wallace, 1998 ].
[14] Since we used the normalized index, the regressed pattern, shown in Figure 2 , can be regarded as the actual magnitude when the AO index deviates by one standard deviation. We found that the dipole pattern associated with the AO is slightly intensified in the future climate simulation [ Figure 2b ], consistent with previous studies [Fyfe et al., 1999; Gillett et al., 2002; Rind et al., 2005] . A more distinctive change, however, can be found in the AO pattern. It is clear that the dipole pattern associated with the AO is shifted poleward. In particular, the changes are clearer in the North Pacific, consistent with the changes in jet stream and storm track activity. This implies that the pattern shift of the AO mode is related to the changes of the basic state. Corresponding to the poleward shift of the geopotential height, the associated zonal wind is also shifted poleward and upward (Figure 2c) .
[15] It is known that the synoptic eddy feedback plays an important role in the variability of the AO [Lorenz and Hartmann, 2003; Jin et al., 2006b ]. Lorenz and Hartmann [2003] pointed out that synoptic eddies are most important for the positive eddy-zonal flow feedback based on the analysis of the momentum budget. Therefore, we suggest here that the poleward shift of the storm track may be responsible for the poleward shift of the AO pattern. In particular, the synoptic eddy feedback may be a major contributor to the poleward shift of the AO pattern. To examine changes in the synoptic eddy feedback, the eddy forcing, i.e., eddy-induced geopotential height tendency, is calculated. Figure 3 shows the eddy forcing associated with the AO mode in the present and future climate simulations. It is evident that there is eddy-induced cyclonic forcing over the high-latitude and polar regions and anticyclonic forcing over the midlatitude regions in both simulations. These eddy forcings, similar to the pattern of the geopotential height, play a role in intensifying the AO pattern, indicating positive feedback.
[16] There are two distinctive differences in the eddy forcing between the present and future climate simulations. First, the anticyclonic eddy forcing over the midlatitude is shifted poleward in the future climate simulation. The shift is clearer over the North Pacific. Second, the cyclonic eddy forcing is more intensified over the polar region in the future climate simulation, as shown in Figure 3 . The cyclonic geopotential anomaly, as shown in Figure 2b , is slightly larger in the future climate simulation. Therefore, the larger eddy forcing in the future climate simulation can be partly explained by the difference in the geopotential height anomaly. However, the difference in the eddy-induced geopotential height tendency is distinctive compared to that of the geopotential height, indicating that the other factors contribute to the intensified eddy forcing over the high latitudes.
[17] Figure 4 shows the differences in the regressed AO patterns and that associated with eddy forcing. It is clear that the patterns of geopotential height and eddy forcing are quite similar, indicating that the two variables are tightly coupled to each other. The pattern correlation is 0.53 over the region north of 30°N. In particular, the maximum changes in the AO in Alaska and western Europe coincide with eddy forcing changes. This suggests that the synoptic eddy feedback indeed contributes to the change in the AO pattern. It is interesting that the negative geopotential height over the North Pacific is not well matched with the eddyvorticity forcing. Presumably, the negative height is caused by a Rossby wave response to the strong positive geopotential anomaly over the North Pacific, which is linked to strong vorticity divergence. In this sense, it may be considered an indirect effect of the eddy feedback.
[18] The intensity of synoptic eddy feedback varies with zonal and meridional location, which is mostly determined by the distribution of storm activity. In this regard, the poleward shift of the jet stream and storm track under greenhouse warming can alter the distribution of the eddy feedback intensity; that is, the eddy feedback will be stronger in the higher latitudes. Therefore, the changes in the eddy feedback lead to a poleward shift of the AO pattern because eddy feedback plays an important role in lowfrequency modes [Lorenz and Hartmann, 2003; Tanaka, 2003; Pan and Jin, 2005; Jin et al., 2006a Jin et al., , 2006b Luo et al., 2007] . Once the pattern associated with the AO is shifted, the related eddy feedback is adjusted to the pattern change as shown in Figure 3 , because to a large extent the low-frequency flow tends to guide the eddy feedback [Jin et al., 2006a [Jin et al., , 2006b ].
[19] Because the eddy forcing, shown in Figure 4b , is a result of the two-way interaction between low-frequency circulations and synoptic eddies, it is difficult to know whether the synoptic eddy feedback leads to a poleward shift of the AO pattern. On the basis of our hypothesis, the synoptic eddy feedback should be stronger in the higher latitudes under greenhouse warming, which may lead to a poleward shift of the AO pattern. Figure 5 shows the EFS distribution [see equation (2)] for the present and future climate simulations. The EFS exhibits mostly positive value over the extratropical region (north of 30°N), indicating that the synoptic eddies play a positive role in intensifying lowfrequency flow. There are two centers of strongest eddy feedback over the Pacific and Atlantic regions, which correspond to the jet streams and their downstream regions. In general, the patterns of EFS are quite similar in both simulations. However, over the Pacific region, the maximum center is located more poleward in the future climate simulation, indicating that the eddy feedback is more effective in the higher latitude in the future climate, while the maximum center over the North Atlantic is slightly poleward but intensified locally. In addition, the EFS over the polar region is overall intensified in the future climate simulation.
[20] To show the poleward shift of EFS clearly, Figure 6 shows the zonally averaged EFS for the present and future climate simulations. It is evident that the EFS is stronger in the higher latitudes (north of 50°N) and weaker in the lower latitudes in the future climate simulation. This is related to the poleward shift of the storm track activity, because the eddy feedback strength is proportional to the intensity of the storm track [Jin, 2010] . As the eddy activity gets stronger, the eddy vorticity forcing becomes stronger, given the same magnitude of low-frequency flow. Stronger eddy feedback can give a more favorable condition for development of the low-frequency mode. Accordingly, the action center associated with the AO, the dominant low-frequency mode, can be moved poleward in the future warmer climate.
[21] The intensification of eddy feedback occurs in both the Pacific and Atlantic high latitudes (Figures 6b and 6c) . Over the Pacific region, the maximum latitude is moved from 50°N of the present climate to 60°N of the future climate. Interestingly, these latitudes are well matched with the nodal point of the dipole pattern of the geopotential height in the Pacific section as shown in Figure 2b . On the other hand, the eddy feedback strength over the Atlantic sector is mainly intensified in the high latitude (north of 65°N). Although there is still a poleward shift of the maximum eddy feedback strength over the Atlantic Ocean, it is relatively weaker than that in the Pacific sector. The poleward shift of the AO pattern is also clearer over the Pacific sector, as shown in Figure 2b . This suggests that the eddy feedback may play a role in the poleward shift of the AO pattern.
Impact of the AO
[22] The impact of the AO on the winter temperature over Eurasia and North America is well known [Thompson and Wallace, 1998; Wu et al., 2006] . Just like the AO pattern, the pattern of temperature anomalies associated with the AO may also change. Figure 7 shows the regression pattern of the surface air temperature and winds at 850 hPa on the AO index. The surface air temperature anomalies associated with the AO in the present climate simulation correspond well with the observed pattern [Gillett et al., 2000] . In the positive AO phase, the surface air temperature is higher over north Eurasia and eastern North America and is lower over northern North America than that in the normal AO phase, which is associated with the advection of warm maritime air onto the continent and cold continental air onto the ocean (Figure 7a ). The change in surface air temperature anomalies related to the AO shows a positive value in the northeastern part of the Eurasian continent and Alaska and a negative value in North America due to the AO pattern change in the future climate simulation (Figure 7c ). This indicates that it may be colder than in the present climate over North America and warmer over the northeastern Eurasian continent during the positive AO phase. The surface air temperature change is explained by the lower level circulation change by the AO change (Figure 7c ), accompanying the poleward and eastward shift of the anomalous high over the North Pacific (Figure 2b ). There is a significant decrease in the zonal warm advection by anomalous easterly wind over eastern North America and an increase in the meridional cold advection by an anomalous northerly wind over the northern part of North America while there is an increase in warm advection by the anomalous southerly wind over the warmer region.
IPCC AR4 Models
[23] To check whether these results are model-dependent, multimodel CGCM simulations from the IPCC AR4 are considered. The model simulations are listed in Table 1 (further details are available at http://www-pcmdi.llnl.gov/ ipcc/model_documentation/ipcc_model_documentation.php). We have obtained each 49-year data set, at the ends of the 20th and 21th centuries, based on the 20C3M and A1B (2051-2099) scenarios for the present and future climate conditions from the 17 coupled general circulation models in the IPCC AR4 archives, respectively. To estimate the poleward shift of the AO pattern, we calculated a nodal point (i.e., latitude of zero contour), which changes sign from positive to negative, of the zonal mean regression pattern of geopotential height at 300 hPa on the AO index in the present and future climate simulations ( Table 1 ). Note that the poleward shift of the AO pattern was of about 3°in the ECHAM4 time-slice experiments. Most of the IPCC models also simulate a poleward shift of the AO pattern, with an ensemble average of 1.28°. Among the 17 models, 14 models simulate a poleward shift of the AO pattern, although there are differ- ences to some degree among models, consistent with previous studies [Yin, 2005; Miller et al., 2006] . In particular, five models simulate the poleward shift of the AO pattern by more than 2°. The IPCC AR4 model also simulates the regional dependency of the poleward shift of the AO pattern. Among the 17 models, 14 models simulate a clear poleward shift of the AO pattern in the Pacific basin (not shown). However, there is a large diversity in simulating the AO pattern change in the Atlantic sector. This further supports the poleward shift of the AO pattern due to global warming, although the ECHAM4 result is in the category of overestimation.
Summary and Discussion
[24] The synoptic eddy feedback plays a role in formulating and maintaining dominant low-frequency modes such as the AO. In this study, we found that the synoptic eddy feedback is also quite important for long-term changes or trends in the dominant low-frequency mode in response to global warming. The robust responses to the increased greenhouse gases are the poleward shifts of synoptic eddy activity and the jet stream in the analyzed ECHAM4 simulation. We suggest here that the changes in the background state lead to the change in the AO. In the future climate, the AO pattern is also shifted poleward. In particular, the poleward shift is distinctive in the Pacific sector. Using the IPCC AR4 CGCMs simulation data, the robustness of these results are demonstrated in the multimodel frameworks. Most CGCMs show a poleward shift of the AO pattern in response to global warming. The change in the AO pattern is similar to the change in synoptic eddy feedback associated with the AO in our experiments. This suggests that the AO change is closely linked to changes in synoptic eddy feedback.
[25] It is well known that the poleward shift of the jet stream and storm track activity also take place in the Southern Hemisphere [Lorenz and DeWeaver, 2007] . Therefore, it is expected that the pattern of the Antarctic Oscillation (AAO), the leading mode over the Southern Hemisphere, may change in response to greenhouse gases warming. If changes in the AAO pattern and those associated with eddy feedback are similar to the present findings, they will further support our arguments. We leave this subject for a further study. 
